Mild traumatic brain injuries (mTBI) that result from participation in sports are a major 46 public health issue affecting 1.6 to 3.8 million individuals annually. The injury has been 47 postulated as transient and void of long term consequences when rapidly diagnosed and 48 properly managed. Emerging evidence however, has suggested an increased risk for late 49 life cognitive dysfunction in those with previous injuries. The purpose of this 50 investigation was to evaluate young adults with and without a history of concussion using 51 a standard clinical assessment and highly sensitive electrophysiological measures for 52 persistent changes in cognitive functioning. Ninety participants (19.7+1.3 yrs: 44 53 without mTBI and 46 with previous mTBI) were evaluated using the ImPACT and event-54 related brain potentials (ERPs) that were recorded during a three stimulus oddball task. 55
INTRODUCTION 68
Mild traumatic brain injury (mTBI), or concussion, has been defined as "a 69 Despite the rapid resolution from concussion on functional performance 85 measures, the potential for persistent effects has yet to be fully elucidated. In young 86 the underlying neural processes involved in cognitive function beyond that of overt 114 behavioral measures. ERPs reflect patterns of voltage change in ongoing neuroelectric 115 activity that occurs in response to, or in preparation for, a stimulus or response. 116
The P3 component of a stimulus-locked ERP has been especially well studied with 117 regard to alterations in cognitive function related to development (Ridderinkhof KR and 118 van der Stelt O, 2000), aging (Polich J, 1996) , health behaviors (e.g., (Hillman CH et al, 119 2005)), and clinical pathology(Knight RT, 1984) . The P3 is a large positive-going 120 component that appears approximately 300 to 800 ms following stimulus onset and 121 reflects attentional processes, which are indexed by the P3a and P3b subcomponents, 122 each of which has a unique scalp distribution. These components represent related but 123 distinct neuroelectric processes that are distinguished based upon the context in which 124 they occur. That is, different stimulus environments elicit activation of the P3a and P3b 125 leading to modulation of the component amplitude. The P3a is typically elicited by an 126 infrequent and uninstructed novel stimulus. This component is characterized by a fronto-127 central topographic maximum and relatively short latency. Alternatively, an instructed 128 yet infrequently presented target stimulus elicits the P3b component that is reflected by 129 topographic maximum amplitude over the parietal cortex (Donchin E et al.,1986; Johnson 130 R, 1993) . 131 Accordingly, the cognitive functions required to process the various stimuli provide 132 a basis for inferring the meaning of the appearance and modulation of the various 133 subcomponents. Specifically, the P3a is thought to reflect the selection of stimulus 134 attentional focus from one aspect of the stimulus environment and the reengagement 137 toward another aspect of the environment (Squires NK et al, 1975) . As such, P3a 138 amplitude is thought to represent attentional orienting with larger amplitude indicative of 139 greater focal attention (Polich J, 2007) . Alternatively, the P3b is theorized to index 140 processes associated with the allocation of attentional resources during cognitive 141 operations involved in the updating of working memory (Donchin E, 1981 ;Donchin E and 142
Coles MGH, 1988). Thus, P3b amplitude is sensitive to the amount of attentional 143 resources allocated toward a stimulus (Polich J, 1987; Polich J and Heine MRD, 1996) . 144
P3b latency is sensitive to stimulus classification speed (Duncan-Johnson CC, 145 1981; Kutas M et al, 1977) . Accordingly, P3b latency is thought to reflect stimulus 146 detection and evaluation time (Ilan AB and Polich J, 1999; Magliero A et al, 1984) , 147 independent of response selection and behavioral action (Verleger R, 1997) . 148
Emerging just prior to the P3 is a smaller negative-going component known as the 149 N2. Relative to P3, the meaning of this component is somewhat tenuous, as multiple N2 150
components have been identified in the literature (see (Folstein JR and Van Petten C,  151 2008) for review), some of which have unique topographies and others of which overlap 152 in their topography. With regard to the P3, a discernable N2 with a fronto-central 153 maximum occurs just prior to the P3a, and a disparate N2 with a parietal maximum 154 precedes a P3b. In response to uninstructed, novel stimuli, the fronto-central N2 has been 155 linked to deviance or mismatch of a stimulus from a mental template, or an increase in 156 cognitive control over response inhibition (Folstein JR and Van Petten C, 2008 ). In This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. RT, 1997). Target stimuli were 5 cm tall white triangles that occurred with a probability 220 of 0.12, and non-target stimuli were 5 cm tall inverted white triangles that occurred with 221 a probability of 0.76. In addition to the target and non-target stimuli, novel stimuli (e.g., 222
dog, airplane, coffee mug) comprised of simple white line drawings were also presented 223 with a probability of 0.12. Three counterbalanced blocks of 300 trials were presented 224 focally on a computer monitor at a distance of 1m. All stimuli were presented on a black 225 background for a 100 ms duration, with a 1000 ms response window and a 2000 ms inter-226 trial interval. 227 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Persistent effects of concussion
Page 11 components were defined as the largest positive-going peaks occurring within 300-700 251 ms. Amplitude was measured as the difference between the mean pre-stimulus baseline 252 and maximum peak amplitude; peak latency was defined as the time point corresponding 253 to the maximum amplitude. Trials were then averaged for each participant based on task 254 condition. Each participant's condition-averaged data was outputted in ASCII format for 255 statistical analysis. 256
Statistical Analysis: All statistical analyses were completed using SPSS version 257 14.0 (SPSS, Inc, Chicago, IL) and statistical significance was noted when p < 0.05. 258
Between group differences in demographic variables (e.g. age, IQ, and years of 259 education) were evaluated using independent samples t-tests. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Page 12 accuracy data were analyzed using independent t-tests for group. Post hoc comparisons 274 were conducted using Tukey's honestly significant difference (HSD) tests. 275
RESULTS

276
A total of 90 young adults (65 male, 25 female: 19.71+1.27yrs, 26.1+3.6 BMI) 277 free from injury at the time of testing completed this investigation. Participants were 278 separated into groups (0 and 1+) based on their self-report of physician diagnosed 279
concussions. 280
ImPACT Assessment 281
Group demographics and ImPACT scores are provided in Table 1 . Non-282 significant differences were noted between groups for demographic measures (p>0. 
Novelty Oddball 292
Task Performance 293 Table 2 presents the RT and response accuracy data for the novelty oddball task 294 based on concussion history. Results indicated non-significant group differences for 295 either RT, t's (88) < .08, p > .94, or response accuracy, t's (88) < 1.8, p > .08, indicating 296 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Persistent effects of concussion
Page 13 that behavioral indices of cognitive performance on this task was not influenced by 297 concussion history. 298
N2 Amplitude 299
The omnibus analysis for N2 amplitude during the novel condition indicated 300 significant main effects of Group, F (1, 88) = 4.2, p < .05; ε = .05, and Site, F (3, 86) = 301 32.1, p < .001; ε = .53, which were superseded by a Group × Site interaction, F (3, 86) = 
N2 Latency 311
Omnibus analyses for the novel and target conditiond revealed non-significant 312 group differences. The only significant effect was for electrode site during the target 313 condition, F (3, 86) = 9.2, p < .001; ε = .24, with follow up analyses indicating 314 significantly longer latency at the Fz site relative to the Cz, Pz, and Oz sites, and at the 315 Cz site relative to the Pz site, t's (89) > 2.5, p < .01. 316
P3 Amplitude 317
P3a amplitude analyses for the novel condition indicated a main effect of Site, F 318 (3, 86) = 61.5, p < .001; ε = .68, which was superseded by a Group × Site interaction, F 319 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Page 14 (3, 86) = 3.3, p < .025; ε = .10. However, decomposition of this interaction did not reveal 320 any significant group differences, t's (88) < 1.2, p > .24. Analyses of the target condition 321 (i.e., P3b) also yielded a main effect of Site, F (3, 86) = 192.7, p < .001; ε = .87, which 322 was superseded by a Group × Site interaction, F (3, 86) = 4.5, p < .01; ε = .13. 323
Decomposition of the interaction revealed significantly larger P3b amplitude at the Pz 324 electrode site for the group without a history of concussion (20.4 ± .96 µV) relative to the 325 group with a history of concussion (17.6 ± 1.1 µV), t (88) = 2.0, p < .05 (see Figure 1) . 326
P3 Latency 327
Analyses for P3 latency revealed no significant group effects. Site effects were 328 observed for both the novel and target conditions, This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Persistent effects of concussion Page 15
Specifically, the P3b is thought to correspond with the allocation of attentional 343 resources in the service of working memory operations once a stimulus has been 344 presented (Donchin E, 1981 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Page 16 also possible that the decreased N2 for the concussion history group reflects a decrease in 366 cognitive control over response inhibition. That is, the N2 during certain tasks (i.e., 367
Go/NoGo and flanker tasks) has been linked to the inhibition of a prepotent response. In 368 the novelty condition of the three stimulus task implemented here, the N2 may reflect 369 motor inhibition, which has traditionally been considered a component of the orienting 370 response to ongoing environmental changes (Ohman A et al.,2000) . Based on this 371 interpretation, the current findings indicate prolonged deficits in the cognitive control of 372 motor inhibition. Clearly, future research will need to elucidate whether any of these 373 inferences regarding concussion history and novelty N2 are most probable. Lastly, the N2 374
to target stimuli has been previously linked to visual processing. Given that group 375 differences were not observed during the target condition, the findings suggest no 376 prolong deficits in visual processing following concussion. 377
Other investigations have also reported suppressed neuroelectric activation using 378 shorter intervals following mTBI. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 
